. Combining this method with microfl uidics and time-lapse microscopy, we can therefore generate any dynamical pattern of Msn2 activity and simultaneously measure induction of Msn2 target genes using yellow fl uorescent protein (YFP) reporters [6] . Conceptually, two key promoter properties determine how a promoter decodes transcription factor dynamics. First, the amplitude threshold quantifi es how sensitive the promoter is to the nuclear concentration (amplitude) of the transcription factor. That is, promoters may require a minimal threshold concentration of Msn2 before they can activate gene expression. Second, the activation timescale quantifi es how quickly a promoter activates after Msn2 has entered the nucleus. For example, a slow promoter may be unable to respond to a suffi ciently brief Msn2 pulse. In principle, therefore, four distinct extreme promoter classes should exist: a Low threshold Fast class (LF), a Low threshold Slow class (LS), a High threshold Fast class (HF), and fi nally, a High threshold Slow class (HS) corresponding to the four corners in Figure 1B . This raises the question of whether it is possible to differentially induce each of the four promoter classes just by regulating the activation dynamics of a single transcription factor.
To investigate this, we focused on four Msn2-specifi c gene promoters that represent each of the four promoter classes: HXK1 and SIP18 belong to the LF and HS classes, respectively; RTN2 is a borderline HF promoter [4] ; and, fi nally, a recently identifi ed SIP18 promoter mutant, mut D6, belongs to the LS class [5] . First, we considered HXK1. HXK1 is signifi cantly faster than the other promoters ( Figure 1B) . We therefore reasoned that it would be possible to preferentially induce HXK1 using brief, low frequency Msn2 pulses too short to activate the other slower promoters. In agreement with our prediction, four well-separated 5-min Msn2 pulses strongly induced HXK1 without signifi cantly activating the other promoters ( Figure 1C) . Second, mut D6 has the lowest amplitude threshold and is slow ( Figure 1B) . Thus, we gathered that a sustained 70-min Correspondence R270 Current Biology 26, R257-R274, April 4, 2016 ©2016 Elsevier Ltd All rights reserved and very low amplitude Msn2 pulse would preferentially induce mut D6. As predicted, this Msn2 input is largely fi ltered out by the other promoters but strongly induces mut D6 ( Figure 1D ). Third, we studied RTN2, which is the least extreme promoter ( Figure 1B) . Although signifi cantly faster than mut D6 and SIP18, RTN2 is still signifi cantly slower than HXK1. As a result, we hypothesized that Msn2 pulses of intermediate duration (7.5 min) would be long enough to signifi cantly activate RTN2, but too short to signifi cantly activate mut D6 and SIP18. Furthermore, we hypothesized that pulses of maximal Msn2 amplitude would induce RTN2 more strongly than HXK1. Indeed, four 7.5-min Msn2 pulses separated by 12.5-min intervals induced RTN2 to a two-fold higher extent than even HXK1 ( Figure 1E ). Fourth and fi nally, we considered SIP18. As an HS promoter, SIP18 fi lters out both low amplitude and short duration Msn2 input. Accordingly, a sustained 70-min pulse of maximal Msn2 amplitude preferentially induced SIP18 ( Figure 1F) .
We emphasize that each of the dynamic Msn2 inputs chosen resemble Msn2 dynamics under natural stress [3] . We note that only preferential differential expression is possible -each condition invariably induces the target gene as well as the other three to some extent ( Figure  1C-F) . It is not possible to induce one and only one of the Msn2 target gene classes solely through control of Msn2 dynamics. We stress that each promoter response has been internally normalized ( Figure S1 in Supplemental Information, published with this article online) -this is necessary because the absolute promoter strength differs between the promoters. Thus, our current data do not show differential expression at an absolute level. Nevertheless, with appropriate tuning of promoter strengths, preferential expression ( Figure 1C-F) among the four promoter classes should also be possible at an absolute level [4] . Taken together, these results demonstrate that the cell can preferentially induce any one of the four Msn2 target gene groups by regulating the nuclear translocation dynamics of Msn2.
In addition to Msn2, many yeast transcription factors such as Mig1/2 and Crz1 also show stimulusdependent pulsatile activation [7] . In mammalian cells, the tumor suppressor transcription factor p53 also shows different activation dynamics in response to different stresses [8] . Whereas sustained p53 activation is associated with terminal cell fates, p53 pulsing is associated with transient cell cycle arrest [9] . Similarly, cell fate in neural progenitor cells is under dynamic control of the transcription factor Ascl1/Mash1: sustained Ascl1 activation induces differentiation into neurons, whereas Ascl1 pulsing leads to cell proliferation [10] . For both p53 and Ascl1 it is believed that different activation dynamics preferentially induce distinct gene expression programs, although it has not been possible to dissect this hypothesis at the promoter level. Here we experimentally demonstrate that by tuning promoter threshold and activation timescale, the cell can distinguish multiple dynamic patterns of a single transcription factor and preferentially induce any one of four distinct gene expression programs. Our results provide experimental support for a dynamic coding theory [1, 2] , wherein cells can transmit information about multiple distinct signals by regulating the dynamics of a single shared transcription factor. This may allow a cell with a limited set of pathways to respond The parameters for each promoter were determined previously [4, 5] and were calculated by simulating a previously described mathematical model [4] . (C-F) Encoding four gene expression programs in the dynamics of Msn2. Msn2-mCherry input is shown on the left and gene::YFP expression output is shown on the right for HXK1, mut D6, RTN2 and SIP18. For each gene we replaced the endogenous open reading frame with a YFP reporter gene. Measurements were made every 2.5 min for 64 timepoints in single yeast cells using time-lapse microscopy and microfl uidics [6] . YFP expression has been internally normalized by dividing by the average YFP expression in response to a 30 min, 40 min and 50 min Msn2 pulse at 690 nM 1-NM-PP1 for each promoter (see also Figure S1 and Supplemental Information). Internal normalization was necessary to adjust for differences in inherent promoter strength ( Figure S1 ). 1-NM-PP1 concentrations used were 690 nM (C), 100 nM (D) and 3 µM (E-F). Each condition is an average of at least around 500 single cells.
